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We consider the cooperative spontaneous emission of a system of two identical atoms, interacting
with the electromagnetic field in the vacuum state and in the presence of an oscillating mirror. We
assume that the two atoms, one in the ground state and the other in the excited state, are prepared
in a correlated (symmetric or antisymmetric) Bell-type state. We also suppose that the perfectly
reflecting plate oscillates adiabatically, with the field modes satisfying the boundary conditions at
the mirror surface at any given instant, so that the time-dependence of the interaction Hamiltonian
is entirely enclosed in the instantaneous atoms-wall distance. Using time-dependent perturbation
theory, we investigate the spectrum of the radiation emitted by the two-atom system, showing how
the oscillation of the boundary modifies the features of the emitted spectrum, which exhibits two
lateral peaks not present in the case of a static boundary. We also evaluate the transition rate to the
collective ground state of the two-atom system in both cases of the superradiant (symmetric) and
subradiant (antisymmetric) state. We show that it is modulated in time, and that the presence of
the oscillating mirror can enhance or inhibit the decay rate compared to the case of atoms in vacuum
space or near a static boundary. Our results thus suggest that a dynamical (i.e. time-modulated)
environment can give new possibilities to control and manipulate radiative processes of atoms or
molecules nearby, such as the cooperative decay, and strongly indicate a similar possibility for other
radiative processes, for example the resonance interaction and the energy transfer between atoms
or molecules.
I. INTRODUCTION
Quantum electrodynamics predicts that an excited
atom, interacting with the quantum electromagnetic field
in the vacuum state, spontaneously decays to its ground
state by emitting a photon. The emission probability for
unit time is found to be
A =
4
3
ω3eg | µeg |2
~c3
, (1)
where µeg is the matrix element of the atomic dipole mo-
ment operator between the atomic excited and ground
states, and ωeg is the transition frequency between the
two atomic levels [1]. This result can be generalized to
the case of N atoms incoherently coupled to the quantum
electromagnetic field: in this case, the N atoms decay in-
dependently, and the intensity of the emitted radiation
is proportional to N . Dicke in 1954 [2] showed that this
conclusion is not valid in general: when N identical atoms
are confined within a volume V  λ3, where λ is the
wavelength of emitted radiation, the assumption of un-
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correlated emitters is no longer valid and a closer recon-
sideration of the problem is necessary. It was shown that
an ensemble of atoms coherently coupled to the quantum
electromagnetic field, acts as a single quantum emitter,
with a decay rate equal to NA, and an intensity of the
emitted radiation proportional to N2 [3, 4]. This en-
hanced single-photon emission is known as superradiance,
and its physical origin is in the correlation (symmetric
state) between the atomic dipoles, leading to a construc-
tive interference in the emission of radiation.
The counterpart of superradiance is the so-called sub-
radiance [2, 5], that occurs when the ensemble of atoms
is prepared in a correlated antisymmetric state. In this
case, a suppression of the emission intensity occurs, and
the decay is totally inhibited. Contrarily to superradi-
ance, subradiance arises from anticorrelations between
the atomic dipoles, leading to a destructive interference
in the emission of radiation. While superradiant states
are affected by decoherence, subradiant states are free-
decoherence robust states, and for these reasons they are
considered promising for realization of high-performance
quantum processors in quantum information technolo-
gies [6].
Superradiance and subradiance have been investigated
in a variety of systems, including atoms [7, 8], trapped
ions [9], quantum dots [10] coupled to various environ-
ments, such as cavities [11, 12], waveguides [13, 14], and
photonic crystals [15].
Very recently, the influence of a perfect reflector on the
cooperative spontaneous emission process of two atoms
located nearby has been discussed [16]. The effect of a
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2surface or a structured environment, or of an external
static electric field on other radiative processes, such as
dispersion or resonance interactions between atoms, have
been recently studied [17–23].
Most of these studies concern with a static environ-
ment. In this paper, we consider a different and more
general situation, specifically we discuss the influence of
a dynamical (i.e. time-dependent) environment on the
cooperative emission of two correlated identical atoms
located nearby.
Generally speaking, a dynamical environment can be
realized by changing periodically the magneto-dielectric
properties of the material or by a mechanical motion of
macroscopic objects, such as a reflecting mirror or the
cavity walls. These systems, for example vibrating cavi-
ties or oscillating mirrors, have been extensively explored
in connection with the dynamical Casimir and Casimir-
Polder effect [24–27]. Also, dynamical cavities have been
simulated in circuit QED [28].
Recent investigations have shown that the presence of
a dynamical environment can give additional possibili-
ties (not present in the case of a static environment) to
manipulate and control radiative properties of atoms or
molecules coupled to a quantum field. For example the
spontaneous emission of an excited atom located near a
perfectly reflecting plate that oscillates adiabatically has
been recently discussed [29, 30], and it has been shown
that the motion of the mirror significantly affects the
atomic decay rate, as well as the spectrum of the emit-
ted radiation, exhibiting the presence of two lateral and
almost symmetrical peaks, not present in the case of a
static boundary [29]. Similar results were also obtained
in the case of an excited atom embedded in a dynamical
photonic crystal, when its transition frequency is close
to the photonic band edge of the photonic crystal [31].
Here, the presence of a time-modulated photonic band-
gap gives rise to two lateral peaks in the spectrum of radi-
ation emitted. These lateral peaks are asymmetric due to
the rapidly varying local density of states at the edge of
the gap. Furthermore, the time-dependent resonance in-
teraction between atoms, the dynamical Casimir-Polder
interaction between atoms or between an atom and a
mirror, have been investigated during the dynamical self-
dressing process of the system, starting from a nonequi-
librium configuration; it has been shown that forces usu-
ally attractive can become repulsive in non-equilibrium
situations [32–38]. These results show the striking poten-
tialities of time-dependent environments and nonequilib-
rium configurations for manipulating a variety of radia-
tive processes.
In this paper, we consider two identical atoms prepared
in a correlated state, and located near a perfectly reflect-
ing mirror that oscillates adiabatically along a prescribed
trajectory. We investigate the effects of the adiabatic mo-
tion on the cooperative spontaneous decay, the spectrum
emitted by the two quantum emitters and the decay rate.
We consider two identical atoms, one in the ground
state and the other in the excited state, prepared in a
correlated (symmetric or antisymmetric) Bell-type state,
while the electromagnetic field is in its vacuum state. In
the Dicke model, these states are the well-known super-
radiant and subradiant states, respectively [2]. We sup-
pose that the perfectly reflecting plate oscillates adiabat-
ically along a sinusoidal trajectory. Under these assump-
tions, the field mode functions, satisfying the boundary
conditions at the mirror surface at any time, are time-
dependent. Using time-dependent perturbation theory,
we investigate the spectrum of the emitted radiation,
and the cooperative decay rate of the two-atom system.
We show that the adiabatic motion of the mirror mod-
ifies the physical features of the spectrum of the radia-
tion emitted. In particular, we find the presence of two
symmetric side peaks in the spectrum, not present in
the case of a static mirror, and separated by the cen-
tral peak by the mirror’s oscillation frequency. We also
evaluate the transition rate to the collective ground state
of the two-atom system, in both cases of the superradi-
ant (symmetric) and subradiant (antisymmetric) state,
and show that it depends on the interatomic separation
and the time-dependent atom-plate distances. We also
find that the motion of the mirror can cause a signifi-
cant enhancement of superradiance of the two quantum
emitters, with respect to the cases of a mirror at rest or
atoms in the unbounded space. These results show how
a dynamical environment can influence the physical fea-
tures of the superradiant and subradiant emission by the
two correlated atoms, that can be enhanced or inhibited
compared to the case of atoms in the vacuum space or
near a static boundary. In general, this further confirms
that a dynamical (i.e. time-modulated) environment can
give new possibilities to control, manipulate and also acti-
vate or inhibit radiative processes of atoms and molecules
nearby, such as the cooperative spontaneous emission by
two correlated atoms. It suggests that also other radia-
tive processes, such as the resonance interaction and the
energy transfer between atoms or molecules, can be tai-
lored exploiting a dynamical environment.
The paper is organized as follows. In Section II, we
introduce our system, and investigate the spectrum of the
radiation emitted by the two-atom system, and discuss
its main physical features. In Section III we investigate
the collective decay rate of the two quantum emitters
in the presence of the oscillating mirror. Section IV is
devoted to our concluding remarks.
II. SPECTRUM OF THE RADIATION
EMITTED BY TWO ENTANGLED ATOMS
NEAR AN OSCILLATING MIRROR
Let us consider two atoms, labeled as A and B, located
in the half-space z > 0 near an infinite perfectly con-
ducting plate, modeled as two-level systems with atomic
transition frequency ω0, and interacting with the elec-
tromagnetic field in the vacuum state. We suppose that
the mirror oscillates with a frequency ωp, along the z di-
3rection with the trajectory a(t) = a sin(ωpt), where a is
the oscillation amplitude of the plate around its average
position z = 0.
Let us suppose that the two identical two-level atoms
are initially prepared in a symmetric or antisymmetric
entangled state, i.e.
|φ〉± = 1√
2
(|eA, gB〉 ± |gA, eB〉) , (2)
and that the quantum field is in its vacuum state. Thus,
the initial state of the system at time t = 0 is
|i〉± = |φ〉±|vac〉 . (3)
The sign ± in (2) refers to the symmetric or antisym-
metric state respectively, |vac〉 is the vacuum state of the
electromagnetic field, while |eA(B)〉 (|gA(B)〉) indicates
the excited (ground) state of atom A(B). In the states
(2) the excitation is delocalized between the two atoms.
In the Dicke model, these states are the so-called super-
radiant and subradiant states, respectively. They can be
realized experimentally with actual techniques [39, 40].
Symmetric (antisymmetric) states are also at the origin
of the resonant interaction energy, which is a second-
order interaction between correlated atoms [41].
Our physical system is displayed in Figure 1.
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FIG. 1: Sketch of the system: two atoms, modeled as two-level
systems with transition frequency ω0, are placed in front of an
oscillating mirror. The atomic dipole moment of each atom
can be oriented parallel or perpendicular to the oscillating
reflecting plate.
We assume that the oscillation frequency ωp of the
plate is much smaller than the atomic transition fre-
quency ω0 of both atoms, and of the inverse of the time
taken by the photon emitted by one of the two atoms,
to reach the other atom after reflection on the mirror
(ωp  c/rA, c/rB , c/(rA + rB), where rA/B is the aver-
age atom-plate distance of each atom from the mirror).
Under these assumptions, we can neglect real photons
emission by dynamical Casimir effect, and investigate
the collective spontaneous emission by the two correlated
atoms in the adiabatic approximation. These assump-
tions are fully verified by typical values of the relevant
parameters of the system, for example ωp ∼ 109 s−1,
ω0 ∼ 1015 s−1, and an atom-plate average distance of
the order of 10−6 m, achievable in the laboratory. We
stress that such a system is experimentally feasible, using
a dynamical mirror, that is a slab of semiconductor ma-
terial whose dielectric properties are modulated in time
for simulating the oscillating mirror [25, 27], and keeping
the atoms at a fixed position exploting atomic trapping
techniques [42].
We write the Hamiltonian of our system in the
Coulomb gauge and in the multipolar coupling scheme,
within the dipole approximation [41, 43–45]:
H = ~ω0(SAz + SBz ) +
∑
kj
~ωka†kjakj +HI , (4)
where Sz = 12 (|e〉〈e|−|g〉〈g|) is the pseudospin atomic op-
erator, akj (a
†
kj) are the bosonic annihilation (creation)
operators for photons with wave vector k and polariza-
tion j, and HI is the interaction Hamiltonian, given by
HI = −µA ·E(rA, t)− µB ·E(rB , t). (5)
Here, µA(B) is the atomic dipole moment operator of
atom A (B), assumed real, E(rA(B), t) is the electric field
operator at the atomic position rA(B). In general, the
presence of time-dependent boundary conditions leads
to introducing new field operators, related to the old
ones by a Bogolubov transformation [24], and to time-
dependent field mode functions, satisfying the appropri-
ate time-dependent boundary conditions. However, in
the present case of an adiabatic motion of the mirror as
defined above, the field operators instantaneously follow
the mirror’s motion, and the creation and annihilation
operators are the same of the static wall case; also, we
can set the usual boundary conditions for the electro-
magnetic field in the reference where the wall is instan-
taneously at rest, and then go back to the laboratory
frame by the appropriate time-dependent space transla-
tion. Thus, the field operators remain the same as in the
static case, and the mirror’s motion is entirely included
in the field modes, where the atomic position is replaced
by the instantaneous atom-wall distance. Therefore, the
interaction is conveniently described by the Hamiltonian
(5), where
E(r, t) =
√
2pi~c
V
∑
kj
fkj(r, t)(a
†
kj − akj), (6)
and the mode functions fkj(r, t) are in general time-
dependent due to the adiabatic mirror’s motion. For a
cubic cavity of side L with walls at x = ±L/2, y = ±L/2,
z = 0 (the average position of the oscillating mirror), and
4z = L, they are [29]
[fkj(r, t)]x =
√
8(eˆkj)x cos
[
kx
(
x+
L
2
)]
× sin
[
ky
(
y +
L
2
)]
sin [kzz] , (7)
[fkj(r, t)]y =
√
8(eˆkj)y sin
[
kx
(
x+
L
2
)]
× cos
[
ky
(
y +
L
2
)]
sin [kzz] , (8)
[fkj(r, t)]z =
√
8(eˆkj)z sin
[
kx
(
x+
L
2
)]
× sin
[
ky
(
y +
L
2
)]
cos [kzz] , (9)
where the explicit form of the time dependence in the
right-hand side of Eqs. (7)-(9) will be specified later on
in this section (in the limit L → ∞ the case of a single
oscillating mirror at z = 0 is recovered). Thus the time
dependence of the interaction Hamiltonian will be made
explicit in the mode functions only, while, as mentioned,
the field annihilation and creation operators are the same
as in the static case; in other words, in our adiabatic ap-
proximation, the atoms locally interact with the vacuum
field fluctuations that instantaneously follow the motion
of the mirror. In general, in dealing with our system,
we can adopt two different points of view: with respect
to the laboratory frame, where both atoms are at rest
and the plate oscillates along a prescribed trajectory, or
in the reference frame comoving with the mirror. In a
strict adiabatic case, these two different points of view
are equivalent. In this paper, we will adopt the labora-
tory frame.
We first evaluate the probability that the system, ini-
tially prepared in the correlated state (3), decays at time
t to the collective ground-state, emitting a photon with
wavevector k and polarization j. Using time-dependent
perturbation theory up to the first order in the atom-field
coupling, we obtain
|c(kj, t)|2 = pick
~V
∫ t
0
∫ t
0
dt′dt′′
{
µA · fkj(rA, t′)µA · fkj(rA, t′′) + µB · fkj(rB , t′)µB · fkj(rB , t′′)
±
[
µA · fkj(rA, t′)µB · fkj(rB , t′′) + µA · fkj(rA, t′′)µB · fkj(rB , t′)
]}
ei(ωk−ω0)(t
′′−t′), (10)
where c(kj, t) is the transition amplitude, and the ± sign
refers to superradiant or subradiant state of Eq. (2). The
first two terms in the right-hand side of Eq. (10) are re-
lated to the probability that each atom independently
decays by emitting a photon; on the contrary, the contri-
bution inside the square bracket is an interference term,
and it is responsible of the superradiant or subradiant
behavior of the two-atom system.
From Eq. (10) we can obtain the frequency spectrum
of the radiation emitted by the two atoms as
P (ωk, t) =
V
(2pi)3
ωk
2
c3
∑
j
∫
dΩ|c(kj, t)|2 , (11)
where V is the quantization volume, and Ω the solid an-
gle.
We first perform the sum over polarizations j. In order
to do that, we generalize to time-dependent situations, a
relation used in the case of a static mirror [46], obtaining,
in the laboratory frame,∑
j
[fkj(ru, t
′)]`[fkj(rv, t′′)]m
= (δ`m − kˆ`kˆm)eik·(ru−rv)
−σ`p(δpm − kˆpkˆm)eik·(ru(t′)−σrv(t′′)) (12)
(`,m, p = x, y, z). ru(v) (u, v = A,B) is the position
vector of atom A or B, ru(t) = ru − a sin(ωpt) is the in-
stantaneous time-dependent atom-wall distance, and we
have defined the vector a = (0, 0, a): also,
σ =
1 0 00 1 0
0 0 −1
 , (13)
is the reflection matrix on the reflecting plate, whose
position oscillates. We stress that the relation (12) is
valid only in our adiabatic approximation, that is when
the electromagnetic field operators instantaneously fol-
low the motion of the plate. The first term in (12) is
a free-space contribution and it is time-independent be-
cause the two atoms are fixed in space. On the contrary,
the second term takes into account the presence of the os-
cillating mirror through the reflection matrix, and, in our
adiabatic approximation, depends on the instantaneous
time-dependent atom-mirror and atom-image distances
(see the presence of the σ reflection matrix).
The second term in (12) can be written as
eik·(ru(t
′)−σrv(t′′)) = eik·R¯uv−ik·a[sin(ωpt
′)+sin(ωpt′′)], (14)
where R¯uv = ru − σrv. For a single atom, say A, u =
v = A, and R¯A = rA − σrA represents the distance of
5atom A from its image through the mirror; on the other
hand, R¯AB = rA−σrB , is the distance of one atom (say
A) from the image of the other atom (say B). For small
oscillation amplitudes, such that a R¯A/B , R¯AB , we can
perform a series expansion of the exponential function in
(14) in powers of a, obtaining
eik·(ru(t
′)−σrv(t′′)) ' eik·R¯uv
[
1− i(k · nˆ)a
×(sin(ωpt′) + sin(ωpt′′))− 1
2
(k · nˆ)2a2
×(sin(ωpt′) + sin(ωpt′′))2 + ....
]
, (15)
where nˆ = (0, 0, 1) is the unit vector orthogonal to the
oscillating plate. We can now substitute the relation (15)
into (10), and integrate over time. Taking into account
only terms up to the second order in the oscillation am-
plitude a, after some algebra we get
|c(k, t)|2 ' |c(k, t)|2A + |c(k, t)|2B
±2|c(k, t)|2AB (16)
where
|c(k, t)|2A/B =
pick
~V
(µA/B)`(µA/B)m
[
(δ`m − kˆ`kˆm)h0(ωk − ω0, t)− σ`p(δpm − kˆpkˆm)eik·R¯A/B (h0(ωk − ω0, t)
−i(k · nˆ)ah1(ωk − ω0, ωp, t)− (k · nˆ)2 a
2
2
(h2(ωk − ω0, ωp, t) + h3(ωk − ω0, ωp, t)))
]
(17)
are the single-atom contributions, and
|c(k, t)|2AB =
2pick
~V
(µAB)`(µAB)m
[
(δ`m − kˆ`kˆm)eik·RABh0(ωk − ω0, t)− σ`p(δpm − kˆpkˆm)eik·R¯AB (h0(ωk − ω0, t)
−i(k · nˆ)a h1(ωk − ω0, ωp, t)− (k · nˆ)2 a
2
2
(h2(ωk − ω0, ωp, t) + h3(ωk − ω0, ωp, t)))
]
. (18)
is the interference term. In the expressions (17) and (18),
we have introduced the following functions
h0(ωk − ω0, t) = sin
2((ωk − ω0)t/2)
((ωk − ω0)/2)2 , (19)
h1(ωk − ω0, ωp, t) = sin(ωpt/2)sin[(ωk − ω0)t/2]
(ωk − ω0)/2
(
sin[(ωk − ω0 + ωp)t/2]
(ωk − ω0 + ωp)/2 +
sin[(ωk − ω0 − ωp)t/2]
(ωk − ω0 − ωp)/2
)
, (20)
h2(ωk − ω0, ωp, t) = sin
2[(ωk − ω0 + ωp)t/2])
(ωk − ω0 + ωp)2/2 +
sin2[(ωk − ω0 − ωp)t/2]
(ωk − ω0 − ωp)2/2 − cos(ωpt)
× sin[(ωk − ω0 + ωp)t/2] sin[(ωk − ω0 − ωp)t/2)]
(ωk − ω0 + ωp)(ωk − ω0 − ωp)/4 , (21)
h3(ωk − ω0, ωp, t) = sin
2[(ωk − ω0)t/2]
[(ωk − ω0)/2]2 − 2 cos(ωpt)
sin[(ωk − ω0)t/2]
ωk − ω0
(
sin[(ωk − ω0 + 2ωp)t/2]
ωk − ω0 + 2ωp
+
sin[(ωk − ω0 − 2ωp)t/2]
ωk − ω0 − 2ωp
)
. (22)
6These functions give the behaviour of the emitted spec-
trum by the two-atom system, as a function of the mir-
ror’s oscillation frequency ωp and the atomic transition
frequency ω0. They are responsible of the qualitative fea-
tures and changes (with respect to the fixed-mirror case)
of the spectrum of the radiation emitted, due to the mo-
tion of the boundary. In fact, inspection of (19)-(22)
clearly shows that, in addition to the usual central peak
at ωk = ω0 (present also in the case of a static mirror),
new lateral peaks at ωk = ω0±ωp appear in the emitted
spectrum, due to the presence of energy denominators as
ωk − ω0 ± ωp in Eqs. (20)-(22). These contributions are
clearly related to the motion of the mirror, and vanish in
the limit of a static boundary, namely when a and/or ωp
vanish.
The frequency spectrum of the emitted radiation is ob-
tained through the angular integration of the expression
(16)
P (ωk, t) =
V
(2pi)3
k2
∫
dΩ|c(k, t)|2. (23)
A straightforward calculation yields
P (ωk, t) = P
(0)(ωk, t) + P
(1)(ωk, t) + P
(2)(ωk, t), (24)
where P (0)(ωk, t) is the 0-th order contribution, while
P (1)(ωk, t) and P (2)(ωk, t) give respectively the first- and
second-order (in the mirror’s oscillation amplitude a)
modification to the spectrum consequent to the adiabatic
motion of the mirror. Such contributions are
P (0)(ωk, t) =
ck3
2pi~
B∑
u=A
(µu)`(µu)m
[
2
3
δ`m − σ`pF R¯ump
sin(kR¯u)
k3R¯u
]
sin2((ωk − ω0)t/2)
((ωk − ω0)/2)2
±ck
3
pi~
(µA)`(µB)m
[
FRAB`m
sin(kRAB)
k3RAB
− σ`pF R¯ABmp
sin(kR¯AB))
k3R¯AB
]
sin2((ωk − ω0)t/2)
((ωk − ω0)/2)2 , (25)
P (1)(ωk, t) =
ck3
2pi~
aσ`p
[ B∑
u=A
(µu)`(µu)m(nˆ · ∇R¯u)F R¯ump
sin(kR¯u)
k3R¯u
± 2(µA)`(µB)m(nˆ · ∇R¯AB )F R¯ABmp
sin(kR¯AB)
k3R¯AB
]
×h1(ωk − ω0, ωp, t), (26)
P (2)(ωk, t) = − ck
3
2pi~
a2
2
σ`p
[ B∑
u=A
(µu)`(µu)m(nˆ · ∇R¯u)2F R¯ump
sin(kR¯u)
k3R¯u
± 2(µA)`(µB)m(nˆ · ∇R¯AB )2F R¯ABmp
sin(kR¯AB)
k3R¯AB
]
×
[
h2(ωk − ω0, ωp, t) + h3(ωk − ω0, ωp, t)
]
. (27)
Here
F r`m = (−δ`m∇2 +∇`∇m)r (28)
is a differential operator acting on variable r, RAB =
|rA − rB |, R¯A/B = |rA/B − σrA/B |, R¯AB = |rA − σrB |,
and rA, rB respectively being the positions of atoms A
and B.
A comparison of these expressions with the analogous
quantity for the static-mirror case, shows that the main
difference is the presence of terms related to the oscilla-
tion frequency of the mirror, specifically two new lateral
peaks in the spectrum at frequencies ωk = ω0±ωp. Their
relative intensities are of the order of a/R¯i (see Eq. (26)),
and (a/R¯i)2 (see Eq. (27)), and give a qualitative change
of the emitted spectrum. Secondary lateral peaks at fre-
quency ωk = ω0±2ωp, stemming from second-order terms
in the expansion in a, give, within our approximations, a
negligible contribution to the spectrum.
Our expression for P (ωk, t) is valid for a generic geo-
metric configuration of the two-atom system with respect
to the oscillating plate.
In order to get a clear physical insight it is helpful
to analyze P (ωk, t) in the specific case of atoms aligned
along the z axis (i.e. perpendicularly to the mirror), for
example when rA = (0, 0, z0A) and rB = (0, 0, z
0
B). Figure
2 shows the spectrum (scaled with respect to the total
emission probability) in the symmetric case and in the
limit of long times, as a function of the detuning ωk−ω0:
the red line shows the dynamical case, while the green
line shows the static-mirror case. As the figure shows,
the presence of the dynamical mirror determines the two
symmetric lateral peaks shifted from the central peak by
the modulation frequency. These two lateral peaks are
symmetric with respect to the central peak, because the
photonic density of states is essentially the same at the
two frequencies. Analogous lateral peaks were found for
7-2 ×109 -1 ×109 0 1 ×109 2 ×109ωk-ω0 [s-1]
P(ω k
,t)
[a.u.
]
FIG. 2: Spectrum (scaled with respect to the total emission
probability) emitted by the two-atom system, prepared in the
correlated symmetric state, as a function of the detuning ωk−
ω0, both in the static case (green line) and in the dynamical
case, with the two lateral peaks (red line). The atoms are
aligned perpendicularly to the mirror, with dipole moments
along the x-axis (parallel to the plate). The figure clearly
shows that the presence of a dynamical mirror produces two
lateral peaks (red line) shifted from the central peak by the
mirror’s modulation frequency. Parameters are chosen such
that a = 2× 10−7m, z0A = 10−6m, z0B = 1.1× 10−6m, ωp =
1.5× 109 s−1, ω0 = 1015 s−1, t = 1.6× 10−7 s, µ ∼ 10−30C·m.
a single two-level atom located near an oscillating mir-
ror [29]. A similar result is obtained for dipole moments
aligned perpendicularly to the mirror, as figure 3 shows.
Interestingly, although the image dipole of µ⊥ is still
µ⊥, and a constructive interference between the atomic
dipoles and their mirror images is expected, the inten-
sity of the two lateral peaks in the emitted spectrum is
smaller than that obtained in the case of dipole moments
oriented parallel to the plate, as shown in figure 4. This
effect seems to suggest that the oscillation of the mir-
ror can induce a sort of destructive interference between
the atomic dipoles and their images, oriented along the
z-direction, parallel to the motion of the plate.
Finally, we wish to stress that our results are in prin-
ciple detectable using current experimental techniques;
for example, for two hydrogen atoms and typical opti-
cal transitions, the natural linewidth is of the order of
∼ 108 s−1; thus an oscillation frequency of ωp ∼ 109 s−1,
that can be currently obtained exploiting the technique
of dynamical mirrors [25, 27], is sufficient to resolve the
lateral lines in the emitted spectrum.
III. COLLECTIVE SPONTANEOUS DECAY
RATE OF THE TWO-ATOM SYSTEM
We now evaluate the decay rate of the two-atom sys-
tem to the ground state. This is obtained by integrating
P (ωk, t) over k, and then taking its time derivative,
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FIG. 3: Spectrum (scaled with respect to the total emission
probability) emitted by the two-atom system, prepared in
the correlated symmetric state, as a function of the detun-
ing ωk − ω0, both in the static case (green line) and in the
dynamical case with the two lateral peaks (blue line). The
dipole moments are perpendicular to the plate (along the z-
axis). As before, the presence of a dynamical mirror produces
two lateral peaks (blue line) shifted from the central peak by
the mirror’s modulation frequency. The numerical values of
the parameters are the same as in the plot in Fig. 2.
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FIG. 4: Comparison between the emitted spectra (scaled with
respect to the total emission probability) by the two-atom sys-
tem, when the dipole moments are aligned parallel (red line)
and perpendicular (blue line) to the plate. The figure shows
that the lateral peaks in the emitted spectrum by dipole mo-
ments aligned along the z-axis are strongly suppressed with
respect to that obtained in the case of dipole moments ori-
ented parallel to the mirror (along the x-axis). The numerical
values of the parameters are the same as in Fig. 2.
Γ(t) =
d
dt
∫ ∞
0
dkP (ωk, t). (29)
Since the functions h0(ωk − ω0, t) and hi(ωk − ω0, ωp, t)
(i = 1, 2, 3) are strongly peaked at ωk ∼ ω0 and ωk ∼
ω0 ± ωp, we can approximate the space-dependent func-
tions in (25)-(27), by their expressions in k0 (taking also
8into account that ωp  ck0) and then take out them
from the integrals. Taking into account only terms up
to the first order in the expansion (15) on the mirror’s
oscillation amplitude, a straightforward calculation gives
Γ(t) = ΓA(t) + ΓB(t)± ΓAB(t), (30)
where
ΓA/B(t) =
k30
~
(µA/B)`(µA/B)m
[
2
3
δ`m − σ`pF R¯A/Bmp
sin(k0R¯A/B)
k30R¯A/B
+ 2a sin(ωpt)σ`p(nˆ · ∇R¯A/B )F R¯A/Bmp
sin(k0R¯A/B)
k30R¯A/B
]
,(31)
ΓAB(t) =
2k30
~
(µA)`(µB)m
[
FRAB`m
sin(k0RAB)
k30RAB
− σ`pF R¯ABmp
sin(k0R¯AB)
k30R¯AB
+ 2a sin(ωpt)σ`p(nˆ · ∇R¯AB )F R¯ABmp
sin(k0R¯AB)
k30R¯AB
]
.(32)
The expressions (30)-(32) are general, valid for a
generic configuration of the two atoms with respect to
the plate, and show oscillations of the decay rate with
time, directly related to the adiabatic motion of the mir-
ror. In fact, the emission rate of our system shows a
term that oscillates in time by following the mirror’s law
of motion, of course. This is strictly related to our hy-
pothesis of adiabatic motion of the boundary. To better
discuss his result, we analyze in more detail, as done in
the previous section, the specific case of atoms aligned
along the z-direction, i.e. perpendicular to the reflecting
plate. In this case we obtain
ΓA(t) =
k30
~
(µA)`(µA)m
{
2
3
δ`m − σ`p
[
−
(
δpm − 3( ˆ¯RA)p( ˆ¯RA)m
)( sin k0R¯A
k30R¯
3
A
− cos k0R¯A
k20R¯
2
A
)
+
(
δpm − ( ˆ¯RA)p( ˆ¯RA)m
) sin k0R¯A
k0R¯A
]
+
2a sin(ωpt)
R¯A
σ`p
[(
δpm − ( ˆ¯RA)p( ˆ¯RA)m
)
cos k0R¯A
−2
(
δpm − 3( ˆ¯RA)p( ˆ¯RA)m
) sin k0R¯A
k0R¯A
+ 3
(
δpm − 5( ˆ¯RA)p( ˆ¯RA)m
)( sin k0R¯A
k30R¯
3
A
− cos k0R¯A
k20R¯
2
A
)
−
(
δmz(
ˆ¯RA)p + δpz(
ˆ¯RA)m
)( sin k0R¯A
k0R¯A
+ 3
cos k0R¯A
k20R¯
2
A
− 3sin k0R¯A
k30R¯
3
A
)]}
, (33)
ΓB(t) = (ΓA(t) withA→ B), (34)
ΓAB(t) =
2k30
~
(µA)`(µB)m
{[
−
(
δ`m − 3(RˆAB)`(RˆAB)m
)( sin k0RAB
k30R
3
AB
− cos k0RAB
k20R
2
AB
)
+
(
δ`m − (RˆAB)`(RˆAB)m
) sin k0RAB
k0RAB
]
+ σ`p
[(
δpm − 3( ˆ¯RAB)p( ˆ¯RAB)m
)( sin k0R¯AB
k30R¯
3
AB
− cos k0R¯AB
k20R¯
2
AB
)
−
(
δpm − ( ˆ¯RA)p( ˆ¯RAB)m
) sin k0R¯AB
k0R¯AB
]
+
2a sin(ωpt)
R¯AB
σ`p
[(
δpm − ( ˆ¯RAB)p( ˆ¯RAB)m
)
cos k0R¯AB
−2
(
δpm − 3( ˆ¯RAB)p( ˆ¯RAB)m
) sin k0R¯AB
k0R¯AB
+ 3
(
δpm − 5( ˆ¯RAB)p( ˆ¯RAB)m
)( sin k0R¯AB
k30R¯
3
AB
− cos k0R¯AB
k20R¯
2
AB
)
−
(
δmz(
ˆ¯RAB)p + δpz(
ˆ¯RAB)m
)( sin k0R¯AB
k0R¯AB
+ 3
cos k0R¯AB
k20R¯
2
AB
− 3sin k0R¯AB
k30R¯
3
AB
)]}
. (35)
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FIG. 5: Plot of the collective decay rate for two atoms pre-
pared in the correlated symmetric state, at different times, as
a function of the distance of atom B from the mirror, when
the atom A is kept fixed (RA = zA = 1.25 × 10−6m). The
atoms are aligned along the z direction, with dipole moments
parallel to the mirror. Continuous red line, blue dashed line,
orange dot-dashed line refer to two atoms near the oscillating
mirror, at times t = 2×10−7s (continuous red), t = 2.3×10−7s
(blue dashed), t = 2.4 × 10−7s (orange dotted), respectively.
Dot-dashed green line refers to two atoms in the presence of
a static mirror.
Expressions (33)-(35) show that the motion of the
mirror yields new time-dependent terms of the order of
a/R¯A/B and a/R¯AB . We have neglected second-order
terms in the perturbative expansion; this approxima-
tion is valid for small oscillation amplitudes with re-
spect to other relevant length scales in the system, that
is for a  R¯A/B , R¯AB and a  k−10 . For example,
for k0 ∼ 107 m−1, RA/B ∼ 10−6 m, and a = 10−8 m,
we have a/R¯A/B , a/R¯AB ∼ 10−1, k0a ∼ 10−1, and
thus the second-order term proportional to a2 can be
neglected. The conditions above are within reach of cur-
rently achievable experimental techniques.
Figure 5 shows the scaled (with respect to Einstein
coefficient A, given in (1)) collective decay rate at dif-
ferent times, as a function of the distance of atom B
from the mirror’s average position, when atom A is at
a fixed position. The two atoms are aligned orthogonal
to the mirror and prepared in the symmetric state. The
dipole moments are parallel to the mirror. The figure
shows that the decay rate oscillates in time, and that,
at a given time, in specific distance ranges it can be in-
creased (in the figure, see the red continuous line, blue
dashed line and orange dotted line) with respect to the
static-mirror case (green dot-dashed line); in other dis-
tance ranges, the opposite occurs. Analogous results are
obtained in the case of atoms prepared in an antisym-
metric configuration, as shown in figure 6.
In conclusion, our results show that the spectrum of
the emitted radiation can be qualitatively changed ex-
ploiting the oscillation of the plate, and that the collec-
tive spontaneous emission can be controlled (enhanced
or suppressed) by modulating in time the position of the
mirror. This suggest the possibility to control also other
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FIG. 6: Plot of the collective decay rate for two atoms pre-
pared in the correlated antisymmetric state, at different times,
as a function of the distance of atom B from the mirror, when
the atom A is kept fixed (RA = zA = 1.25 × 10−6m). The
atoms are aligned along the z direction, with dipole moments
parallel to the mirror, Continuous red line, blue dashed line,
orange dotted line refer to two atoms near the oscillating mir-
ror, at times t = 2× 10−7s (continuous red), t = 2.3× 10−7s
(blue dashed), t = 2.4 × 10−7s (orange dotted), respectively.
The green dot-dashed line refers to two atoms near a static
mirror.
radiative processes by modulated (time-dependent) en-
vironments, for example the resonance energy transfer
between atoms or molecules.
IV. CONCLUSION
In this paper, we have discussed the collective sponta-
neous decay of a system of two identical two-level atoms
prepared in a correlated (symmetric or antisymmetric)
Bell-type state, and located near an oscillating perfectly
reflecting plate, in the adiabatic regime. We have first
discussed in detail the effect of the motion of the mir-
ror on the spectrum of the radiation emitted by the two
atoms, and then their collective spontaneous decay rate.
We have shown that the motion of the mirror strongly
affects the features of the spectrum, which exhibits, in
addition to the usual peak at ω = ω0, two new lateral
peaks separated from the atomic transition frequency by
the oscillation frequency of the plate, similarly to previ-
ous results for the single-atom decay [29]. We have also
found that the decay rate to the collective ground-state
is modulated in time, and can be increased or decreased,
compared with the static-boundary case, according to
time and atoms-wall distances, by exploiting the oscil-
lating boundary. Our results show that modulated en-
vironments can give additional possibilities, with respect
to fixed boundaries, to manipulate and tailor atomic ra-
diative processes such as the cooperative spontaneous
emission; also, they strongly indicate a similar possibility
for other relevant radiative processes such as the energy
transfer between two atoms, or the resonance interaction
between correlated atoms. We will consider these physi-
cal systems in a future publication.
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